The internal structure of the resonant Λ(1405) state is investigated based on meson-baryon coupled-channels chiral dynamics, by evaluating density distributions obtained from the form factors of the Λ(1405) state. The form factors are defined as an extension of the ordinary stable particles and are directly evaluated from the current-coupled meson-baryon scattering amplitude, paying attention to the charge conservation of the probe interactions. For the resonant Λ(1405) state we calculate the density distributions in two ways. One is on the pole position of the Λ(1405) in the complex energy plane, which evaluates the resonant Λ(1405) structure without contamination from nonresonant backgrounds, and another on the real energy axis around the Λ(1405) resonance energy, which may be achieved in experiments. Using several probe interactions and channel decomposition, we separate the various contributions to the internal structure of the Λ(1405). As a result, we find that the resonant Λ(1405) state is composed of widely spreadK around N , which gives dominant component inside the Λ(1405), with escaping πΣ component. Furthermore, we considerKN bound state without decay channels, with which we can observe the internal structure of the bound state within real numbers. We also study the dependence of the form factors on the binding energy and meson mass. This verifies that the form factor defined through the current-coupled scattering amplitude serves as a natural generalization of the form factor for the resonance state. The relation between the interaction strength and the meson mass shows that the physical kaon mass appears to be within the suitable range to form a molecular bound state with the nucleon through the chiral SU(3) interaction.
I. INTRODUCTION
The Λ(1405) is a baryonic resonance state with spinparity J P = 1/2 − , isospin I = 0, and strangeness S = −1, and is located just below the threshold of antikaon (K) and nucleon (N ). This resonance has been considered as a quasi-bound molecule state of theKN system [1] [2] [3] before the establishment of QCD. In simple constituent quark models, the Λ(1405) is classified into the 70 dimensional representation of the spin-flavor SU(6) with excitation of one of the quarks to the pstate [4] , but it was hard to explain the lighter mass of the Λ(1405) than the nucleon resonance N (1535) in the same representation and the larger spin-orbit splitting between Λ(1405) and Λ(1520) than the nucleon partners. Recently the Λ(1405) was investigated with the unitarized coupled-channels method based on chiral dynamics [5] [6] [7] [8] [9] [10] , in which the Λ(1405) is dynamically generated in meson-baryon scattering without introducing explicit pole terms. In this method, one can successfully reproduce the cross sections of K − p to various channels together with the mass spectrum of the resonant Λ(1405) state below theKN threshold [5] [6] [7] [8] [11] [12] [13] [14] [15] [16] [17] .
One of the important consequences on the structure in the coupled-channels approach is that the Λ(1405) is composed of two resonance states [7, 10, 18] . 1 These two states have different coupling nature to the meson-baryon states [10, 18] , and the Λ(1405) state which dominantly couples to theKN is located at 1420 MeV instead of the nominal 1405 MeV. These difference may be important for theKN system, as the Λ(1405) resonance position is measured from theKN threshold. The double-pole structure also suggests that the Λ(1405) resonance position in the πΣ invariant-mass spectra depends on the production mechanism of the Λ(1405). Some experimental indications of this structure are found in Refs. [20] [21] [22] [23] [24] . Physical origin of the two poles is attributed to the attractive forces both in theKN and the πΣ channels [25] .
Recently, the importance of the meson-baryon dynamical component in the structure of the Λ(1405) has been discussed in the chiral unitary framework. It was revealed in an analysis of the phenomenologically obtained scattering amplitude that the Λ(1405) is described predominantly by the meson-baryon dynamics [9] . The study of the Λ(1405) based on the N c scaling in chiral unitary framework suggested the dominance of the non-component in the Λ(1405) [26, 27] . The electromagnetic mean squared radii were shown to be much larger than that of ground state baryons [28] . 2 Relationship between the couplings to the channels and the wave function of the Λ(1405) was clarified in Ref. [30] . The spatial structure of the Λ(1405) was also discussed based on theKN molecular picture with the chiralKN potential [31, 32] . The molecular-like structure of the Λ(1405) suggests further few-body nuclear systems with kaon [33] , such as KN N [31] [32] [33] [34] [35] [36] [37] [38] [39] ,KKN [40] [41] [42] , andKKN [43] . Although the dominant component of the Λ(1405) was found to be the meson-baryon molecule structure in these studies, the internal structure of the Λ(1405) resonance in terms of the hadronic constituents was not directly extracted from the meson-baryon scattering amplitude.
If the Λ(1405) is dominated by the meson-baryon quasi-bound molecule, it may have a spatially larger size, which will lead to the softer form factor than that of typical baryons dominated by the genuine quark component. The soft form factor could result in some experimental consequences, for instance in the nontrivial energy dependence of the Λ(1405) photoproduction cross section recently reported in Ref. [44] . The information of the size of hadrons is also important for the production yield in the heavy ion collisions estimated by the coalescence model [45] . One of the standard methods to study the structure of a particle is to use the vector currents, such as the photon, as probes. The properties of the Λ(1405) in relation to electromagnetic dynamics have been investigated in the chiral unitary approach in Refs. [18, [46] [47] [48] [49] [50] [51] . In the molecular picture of the Λ(1405), the photon coupling to the Λ(1405) is introduced through the photon couplings to its constituent meson and baryon. Among others, the form factor of the Λ(1405) will tell us about the intuitive "size" of the particle. Therefore, for both theoretical and experimental understandings of the Λ(1405), it is interesting to investigate the internal structure of the Λ(1405) through the evaluation of its form factor.
In this paper we study the form factor of the Λ(1405) in chiral unitary approach, in which the Λ(1405) is described as the dynamically generated resonance state. We emphasize that this is the first study to extract the form factor of the Λ(1405) directly from the scattering amplitude involving the resonance state as a response to the external probe current in a microscopic way. We have already reported the result of the electromagnetic mean squared radii of the Λ(1405) in Ref. [28] . Here we extend this scheme to evaluate the momentum dependence of the form factors, using the chiral effective theory of the octet mesons and baryons with the external currents for the elementary interaction between the constituent hadrons and the currents. From the form factors the density distributions can be obtained through the Fourier transfor-mation. This allows us to visualize the spatial distribution of the Λ(1405) in coordinate space. We also include the finite size effect of the constituent hadrons.
There is one subtlety in the formulation because the Λ(1405) is a hadron resonance and decays via strong interaction. In this case, the form factors (or coupling constants in general) are obtained as complex numbers, whose interpretation is not as straightforward as in the case of the stable particle. Such a difficulty about the complex form factors generally shows up for the unstable states, as seen in the ∆(1232) electromagnetic form factors studied in Refs. [52, 53] as complex numbers. Here we carefully define the form factor of the resonance particle as an extension of the ordinary stable particles, and explain the methods to extract the form factors out of the photon-coupled meson-baryon scattering amplitude in a gauge invariant way. In order to achieve the intuitive understanding of the size of the resonance, we evaluate the form factor with several different model set-ups and draw a conclusion through the comparison of the results.
This paper is organized as follows. In Sec. II we explain our scheme to calculate the form factors and the density distributions of the Λ(1405) based on the chiral dynamics, taking account of how to extract the information of the "size" of the resonance state. The coupling of the Λ(1405) to the external current is obtained by the couplings of its constituent meson and baryon. In Sec. III we show our numerical results of the calculations for the resonant Λ(1405) state, on the resonance pole position in the complex energy plane and on the real axis. To obtain the intuitive understanding of the Λ(1405) as a quasi-bound state, we consider theKN bound state without decay width and study its structure by varying the parameters such as the binding energy and the meson mass in Sec. IV. Section V is devoted to the conclusion of this study.
II. FORMULATION
A. How to probe structure of resonance state
First of all, we discuss the method to probe the properties of a short-living resonance state. Let us consider an observable represented by a Hermitian operator O. One of the simplest and model-independent ways to define resonance properties is given by the evaluation of the matrix element of the operator O for the resonance state vectors
This is an extension of the matrix element of the stable particle such as nucleon, N (−) |O|N (+) . The labels "+" and "−" represent "in" and "out" states, respectively. Here the ket |Z R (P ) (+) and bra Z R (P ) (−) | vectors represent the resonance state in the generalized Hilbert space, whose eigenvalues of the energy-momentum oper-atorP µ are complex as 3 ,
Here M R and Γ R are the mass and decay width of the resonance state, respectively. It is noted that this definition leads to complex values of the matrix elements such as the radius and charge distribution for the resonance state, because the Hermitian operators are allowed to have complex eigenvalues for the resonance state in the generalized Hilbert space. When the decay width of the resonance state is sufficiently small, the imaginary part of the eigenvalues of the Hermitian operators is also small and the matrix elements can be interpreted as physical osbervables in the ordinary sence. In this paper, we mainly discuss the real part of the eigenvalues of the Hermitian operators as "observables", assuming that the significance of the imaginary part is sufficiently small. In order to scan the internal structure of the resonance with different probes, we evaluate the matrix elements of various conserved vector currents, the electromagnetic transition current J µ EM , baryonic current J µ B and strangeness current J µ S , stemming from the U(1) symmetry of the underlying theory. Electromagnetic current is obtained from the gauged U(1) symmetry with appropriate charges of quarks, baryonic current from the simultaneous U(1) phase transformation for all the quarks, and the strangeness current from the phase rotation for strange quark only. The other currents may also be used as the probes of the structure, as long as the currents are well defined.
The structure of the resonance state is reflected in the form factors, as in the same way with stable particles such as the nucleon. For resonance states with baryon number 1 and spin 1/2, we define the form factors F µ (Q 2 ) as the matrix elements of the probe current J µ (x),
where
Especially in the Breit frame the matrix element can be written as [18] :
with the form factors of the time component F time (Q 2 ) and the space one F space (Q 2 ), the momentum transfer q µ = (0, q), Q 2 = q 2 , the spinor for the resonance state
ZR , and the Pauli matrices σ a (a = 1, 2, 3) for the spin space. For the electromagnetic current, the time component form factor is identified as the electric form factor F E (Q 2 ), whereas the space component form factor as the magnetic form factor F M (Q 2 ). The magnetic form factor F M (Q 2 ) is normalized as the nuclear magneton µ N = e/(2M p ) with the proton charge e and mass M p . We define the baryonic form factor F B (Q 2 ) and the strangeness form factor F S (Q 2 ) as the time component of the matrix elements of the baryonic and strangeness currents, respectively.
The form factors F (Q 2 ) contain the information of the structure of the system in response to the probe interaction, being related to the "classical density" of the system (such as charge density) via the Fourier transformation as,
where r is the radial coordinate from the center of mass of the system, and M and E(Q 2 ) = M 2 + Q 2 are the mass and the energy of the state, respectively. Taking the nonrelativistic reduction (M/E → 1), we have,
We can also obtain the mean squared radius:
For the magnetic mean squared radius, we take conventional normalization by dividing the right-hand side of Eq. (9) by the factor F M (0). The mean squared radius is well defined when the density ρ(r) sufficiently falls off at large r and the integration of r 2 ρ(r) converges, which is the case on the poles for the bound states as well as the resonance states.
B. Matrix elements of resonance state in scattering amplitudes
Here we explain the method to extract the matrix elements of the resonance state from the scattering amplitudes of dynamical approaches [18, 28] . Once the matrix elements are extracted, following the prescription given in the preceding subsection, we can evaluate the form factors [from Eq. (6) resonance state is expressed as a pole of the scattering amplitude in the second Riemann sheet. We define the "pole contribution" of the amplitude as
where the pole position is expressed as the resonance mass and width as Z R = M R − iΓ R /2 and the indices i and j represent the final and initial meson-baryon channels, respectively. The residue g i g j at the pole position can be interpreted as the product of the coupling strengths to the meson-baryon channels i and j. On the real energy axis, the full scattering amplitude can be written as
The contributions which are not represented by the pole term is summarized as a nonresonant background term T BG ij (see also [56] ). Next we relate the meson-baryon scattering amplitude with the matrix element of the resonance state vectors introduced in the preceding subsection. The pole contribution in the scattering matrix is written as
with (14) where
) is the out (in) s-wave meson-baryon scattering state with channel i (j) and momentum P ′µ (P µ ). The total energies are given by z ′′ = P ′′µ P ′′ µ and z = P µ P µ . In this way, the residue of the pole in the scattering amplitude is related to the inner product of the resonance state with the scattering state, representing the coupling strength. It is important that
in Eq. (12) can be understood as the "projection operator" to the resonance state of the mass Z R , which is a generalization of that of the usual stable particle. This resonance component of the amplitude, T ij (z)| pole , is represented diagrammatically in Fig. 1(a) .
In the same way, we also consider the scattering amplitude T µ γij for the M Bγ * → M ′ B ′ process, where γ * stands for a probe such as photon for the electromagnetic current. The Fourier component of the matrix element of the probe current in the s-wave meson-baryon state, S µ γij , is given as:
with incoming and outgoing momenta of the mesonbaryon system P µ and P ′µ , respectively, and Q 2 = −q µ q µ . The resonance contribution to the matrix element is obtained by inserting the "projection operator" (15) for the resonance state on both sides of the current operator:
where we have used Eqs. (5) and (14) . Hence, the pole contribution to the scattering amplitude of M Bγ
which is represented diagrammatically in Fig. 1(b) (here and following in this subsection we omit the superscript µ in T γ and F ). It is important that this term contains the matrix element of the probe current with the resonance state as the residue of double pole at z = z ′ = Z R . The rest contributions of the amplitude T γij has less singularity at the resonance position Z R . We show several examples of these contributions diagrammatically in Fig. 2 , in which the current does not couple to the intermediate resonance propagator.
Combining Eqs. (10) and (18) , the matrix elements in the Breit frame can be evaluated as the residue of the single pole at z = z ′ = Z R of −T γij /T ij in the complex energy plane:
As one can see from the above derivation, this scheme indicates that only the amplitude T ij (T γij ) with the single-(double-) pole terms contributes to the right-hand side, whereas both nonresonant background term T BG ij in Eq. (11) for T ij (z) and the less singular terms for T γij (z ′ , z; Q 2 ) automatically drop and have no effect to the form factors for the resonance state. As confirmed in Ref. [28] , the form factor obtained in Eq. (19) is a gauge invariant quantity. Equation (19) should be evaluated in the complex energy plane for the resonance state. It is an interesting issue how the matrix elements of the currents for the resonance can be obtained on the real axis, in which amplitudes are in principle observed experimentally. In order to keep closer connection to experimental measurements, we discuss a method to evaluate the form factor of the resonance state on the real axis, as developed in Ref. [18] .
As we have seen above, the matrix element of the current for the resonance state is expressed as the residue of the amplitude T γ (z ′ , z; Q 2 ) at the resonance pole position (z ′ = z = Z R ). If we take the Breit frame of the resonance (z ′ = z), the form factor F (Q 2 ) of the resonance can be written on the real axis as,
where T less γ represents less singular terms than the double-pole contribution given in the first term. It is important to note that, if the decay width of the resonance state is small and its pole position is close to the real energy axis, the double-pole amplitudes will give dominant contribution to the M Bγ * → M ′ B ′ process than the other contributions in the resonance energy region.
Motivated by Eq. (20), we define an effective form factor on the real axis as
As discussed in Appendix A, the effective form factor (21) is correctly normalized so as to give the corresponding charge of the system at Q 2 = 0 independently of
we consider all of the appropriate diagrams giving both the double-pole and less singular terms. Let us study the relation between the effective form factor (21) on the real axis and the form factor at the pole position (19) . Around the resonance energy region, where the pole contribution dominates the amplitude, the derivative of the M B scattering amplitude (11) with respect to √ s is written as
Assuming that the background contribution is smoothly changing with respect to the energy √ s around the resonance energy and, thus, neglecting the second term of Eq. (22), we can write the effective form factor approximately as
In this way, the effective form factor is related to the resonance form factor F (Q 2 ). The deviation mainly comes from the less singular terms in T γij which contribute to the effective form factor F eff . Nevertheless, as seen in Eq. (23), if we take the energy √ s close to the resonance mass and choose the channel which strongly couples to the resonance, we can reduce the contamination from the less singular terms. In addition F eff (Q 2 ) will coincide with F (Q 2 ) evaluated by Eq. (19) when we take √ s → Z R by analytic continuation, since in this case both the less singular contribution T 
C. Λ(1405) in chiral dynamics
In this subsection, we briefly review our formulation of the Λ(1405) resonance generated dynamically in the M B → M ′ B ′ process using chiral unitary model (ChUM) developed in Refs. [5] [6] [7] [8] . It turns out that explicit pole terms are not necessary in the elementary interaction for the description of the Λ(1405) in ChUM [9] .
The starting point of our formulation is the important fact that chiral symmetry and its spontaneous breakdown in QCD constrain the form of low-energy interactions including Nambu-Goldstone bosons. This is systematically expressed in chiral perturbation theory [57] [58] [59] , in which the effective Lagrangian is sorted out according to chiral expansion. From the lowest order meson-baryon chiral Lagrangian, the tree-level s-wave meson-baryon interaction known as the Weinberg-Tomozawa term can be ob-tained as,
with the incoming and outgoing meson momenta, k µ and k ′µ , the meson decay constant f , the Clebsch-Gordan coefficient C ij fixed by the SU(3) group structure of the interaction, and masses of outgoing and incoming baryon, M i and M j , respectively. The last form in Eq. (25) is obtained by applying the nonrelativistic reduction for the baryons. The explicit value of the coefficient C ij for thē KN scattering is given in Ref. [6] .
Only this lowest-order Weinberg-Tomozawa interaction, however, is not sufficient for the description of the scattering amplitude, especially for three flavors. The main reason is the existence of the baryonic resonance state Λ(1405) in I = 0 and S = −1 channel, just below theKN threshold, which spoils any perturbative expansion around the threshold. Therefore, in order to reproduce theKN scattering amplitude, some nonperturbative and coupled-channels treatment for theKN scattering is needed.
One valuable approach to take into account the nonperturbative effect is to formulate a scattering amplitude fulfilling exact unitarity with the N/D method [60] . Following Ref. [7] , with assumption that the intermediate states of the scattering are composed of only one octet meson and one octet baryon and with neglect of the lefthand cuts, one can write the inverse of the general form of the scattering amplitudes fulfilling unitarity as,
where,
Here s 0 denotes the subtraction point, s + i is the threshold value of s of the channel i andq i center-of-mass momentum in the channel ĩ
where m i represents the meson mass in the channel i.
The function G i takes the same form as, except for an infinite constant, the ordinary meson-baryon loop integral,
where ǫ is an infinitesimal real constant to specify the boundary condition. With dimensional regularization scheme, which keeps analytic properties of the loop function, the finite part of the loop integral G i can be written as,
with the regularization scale µ reg and the subtraction constant
For the T ij in Eq. (26), we adopt the matching scheme developed in Ref. [7] , which tells that the identification of T ij with the tree-level amplitudes by chiral perturbation theory is valid up to O(p 2 ). Hence in our approach we identify the Weinberg-Tomozawa interaction V ij in Eq. (25) as T ij . In this way, the T -matrix is written in matrix form as,
This amplitude satisfy the following equation
which corresponds to the Bethe-Salpeter equation in algebraic form. We hence refer to this T ij as the BS amplitude. In the present approach we have 10 meson-baryon channels, i,
, and K 0 Ξ 0 . Now we fix the parameters in our approach; we have the masses of the ground state mesons and baryons, the meson decay constant f , and the subtraction constant a i (µ reg ) with the regularization scale µ reg . We use the isospin-averaged masses for the mesons and baryons:
For the meson decay constant f , we choose an averaged value f = 1.123f π with f π = 93.0 MeV, which is one of the typical values used in ChUM. Finally we choose the subtraction constant a i so as to reproduce the threshold properties of K − p observed in stopped K − capture on hydrogen [61, 62] , as done in Ref. [5] ,
with the regularization scale µ reg = 630 MeV [11] . In the present model, the Λ(1405) is dynamically generated in the obtained BS scattering amplitude. With above parameters, the model well reproduces the Λ(1405) mass spectrum below theKN threshold [23] . Furthermore, in the present model the Λ(1405) is expressed by two poles of the scattering amplitude in complex energy plane, as (Z 1 = 1391 − 66i MeV) and (Z 2 = 1426 − 17i MeV) [10] . The study of the renormalization condition reveals that the Λ(1405) resonance in this approach is dominated by the meson-baryon molecule state and the effect from the possible seed of the resonance in the subtraction constant is found to be small [9] . It has been reported in Refs. [17, 25] that the position of the lower pole Z 1 is largely dependent on details of the model parameters, whereas that of the higher pole Z 2 shows little dependence.
The residues of the meson-baryon scattering amplitude T ij ( √ s) at the pole position express coupling strengths of the resonance to the meson-baryon channels as seen in Eq. (10) . The coupling strengths of the two poles Z 1 and Z 2 obtained in the present formulation are listed in Table I . 4 From this Table, one can see that the lower pole 
Channel coupling (Z2)
Z 1 strongly couples to the πΣ state, whereas the higher pole Z 2 dominantly couples to theKN state. Among the poles, the higher one is considered to be originated from theKN bound state [25] . Since we are interested in the structure of the Λ(1405) in theKN bound state picture, we mainly consider the contribution from the higher pole Z 2 and regard the lower pole Z 1 as the background.
D. Electromagnetic interactions in chiral dynamics
As discussed in Sec. II B, photon-coupling to the resonance state is obtained as the residue of the second-rank pole in the M Bγ * → M ′ B ′ amplitude. This process can be calculated by making a photon couple to the scattering process M B → M ′ B ′ which has been obtained in the previous subsection to describe the Λ(1405). For the calculation of the M Bγ * → M ′ B ′ process, we take a picture that the photon couples to the resonance state only through its constituent mesons and baryons [18, 28] , which may be valid in view of the dominance of the meson-baryon component in the Λ(1405) [9] . Thus, we need only electromagnetic interactions of the constituent mesons and baryons in our approach.
Due to the requirement of the gauge invariance, the elementary couplings of the photon to the mesons and baryons should be given by gauging the chiral effective Lagrangian in a consistent way with the description of the Λ(1405). The photon couplings to the meson and baryon appearing in the BS amplitude are derived in the minimal coupling scheme. In addition, the anomalous magnetic couplings in the BB ′ γ and M BM ′ B ′ γ vertices are given by the chiral perturbation theory as done in Ref. [18] . The sum of the above two contributions deterisospin basis as in Ref. [10] , a factor √ N I should be multiplied with the isospin multiplicity N I = 2 forKN and KΞ, and N I = 3 for πΣ.
mines the elementary electromagnetic couplings
Now let us consider the minimal coupling scheme. The photon coupling to the meson, V µ Mi , is given by
with the meson charge Q Mi , the incoming and outgoing meson momenta k µ and k ′µ . The minimal coupling of the photon to the baryon is given by
with the baryon charge Q B i and the incoming and outgoing baryon momenta p µ and p ′µ . These two couplings (35) and (36) are appropriate with the propagators in the loop function (31) . For the M BM ′ B ′ γ coupling, we use the following vertex, which is required by the Ward-Takahashi identity at tree-level with the WeinbergTomozawa interaction (25): (37) with the incoming and outgoing meson-baryon total momenta P µ and P ′µ , respectively, and Q Ti ≡ Q Mi + Q Bi . We note that this M BM ′ B ′ γ coupling does not contain the magnetic part. Actually for the electromagnetic properties of the neutral excited baryon this term does not contribute due to Q EM = Q M + Q B = 0. This is a different point compared with Ref. [18] , where the normal magnetic part coming from the original form of the Weinberg-Tomozawa term (24), proportional to
For the anomalous BB ′ γ and M BM ′ B ′ γ couplings which are gauge invariant by themselves, we use the interaction Lagrangian appearing in the chiral perturbation theory [63] :
with
the electromagnetic field tensor F µν , the charge matrix Q, the spin matrix S µ , the SU(3) matrix of the baryon octet field B, and the chiral field u 2 = U = exp(i √ 2Φ/f ) where Φ is the SU(3) matrix of the Nambu-Goldstone boson field. This interaction Lagrangian gives us spatial components of both the BB ′ γ and the M BM ′ B ′ γ vertices (a = 1, 2, 3):
− iΓ
where we have made nonrelativistic reduction. Here the anomalous magnetic moment for the baryon K i and the matrix A ij are given by,
where the coefficients d i , f i , X ij , and Y ij are fixed by the flavor SU(3) symmetry and their explicit values are found in Ref. [18] . The values of the coefficients b 
where µ B i is the observed magnetic moment of the baryon.
Here we note that the magnetic interactions of the excited baryons are obtained only from the baryonic dynamics, since in our approach the spinless meson is bound by the baryon in s-wave channel and the spatial component of the M M ′ γ couplings do not contribute to the magnetic interactions in the Breit frame of the excited baryons.
In order to study the internal structure of the Λ(1405) theoretically, we also consider the form factors probed with the baryonic and strangeness currents. For the baryonic and strangeness current interactions, we replace the meson and baryon electric charges with the corresponding quantum numbers, namely, the baryon number and strangeness of the mesons and baryons:
for the baryonic current and
for the strangeness current. Then we consider the time components as the form factors for the baryonic and strangeness current interactions, as described below Eq. (6) . Since the baryonic and strangeness form factors are calculated by the time component of the current, we do not need the counterparts of the matrices X ij and Y ij given in Eq. (43), which contribute to the spatial component.
E. Calculation of photon-coupled meson-baryon amplitudes
Now we discuss the details of the calculation of the scattering amplitude of the M Bγ * → M ′ B ′ process in the chiral unitary approach, in which the amplitude for the M B → M ′ B ′ is given by multiple scattering of the meson and baryon.
One of the most important issues we take account of is the charge conservation in the calculation of the scattering amplitude for the M Bγ * → M ′ B ′ process. This ensures the correct normalization of the form factor of the excited baryon,
Following the method proposed in Refs. [28, 48, 64] , to calculate the form factors we take three relevant diagrams shown in Fig. 3 , which contain the double-pole terms for the resonance states. Although charge conservation requires seven other diagrams as shown in Fig. 4 for the general amplitude T µ γ [64] , these diagrams cannot contribute to the matrix elements at the resonance pole calculated by Eq. (19) , since these terms have at most a single pole [28] . This means that, on the resonance pole, the charge conservation is maintained by only three diagrams shown in Fig. 3 . Summing up the diagrams in Fig. 3 , we obtain the relevant amplitude for the evaluation of the form factors:
(48) These contributions can be expressed by the combination of the BS amplitude and the elementary couplings discussed before, according to the Feynman diagrams given in Fig. 3 . In the Breit frame, in which the momenta of the photon and the Λ(1405) before photon coupling are expressed as q µ = (0, q) and P µ = s + q 2 /4, −q/2 , respectively, their explicit forms are written as:
where the vertex Γ µ kl is given in Eq. (45) and the loop integrals with the photon couplings to the meson and baryon are given by,
In the Breit frame s = P µ P µ = (P + q) 
Diagrams for the T µ γ which contain the double-pole terms of the excited baryon [28, 48, 64] . The shaded ellipses represent the BS amplitude. The dashed, solid and wiggly lines correspond to the ground state meson, the ground state baryon and the probe current, respectively. 
which can be easily proved by calculating the derivative of the loop integral G and using the vertices (35) and (44) . Other analytic properties of these loop integrals, D M and D B , are discussed in Appendix B.
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Now we introduce the finite size effects of the constituent hadrons in our scheme. The ground state mesons and baryons have spatial structures, while we have implicitly assumed that they are pointlike particles in the effective Lagrangian approach. Therefore we should include the finite size effects of the constituent hadrons in a gauge invariant way. Here we simply multiply a common form factor (CFF) F CFF (Q 2 ) of the constituent hadrons to each photon vertex,
6 If one adopts the cut-off procedure for the meson-baryon loop integral G, one must calculate the photon-coupled meson-baryon loop integrals D M and D B in a consistent way with the same cut-off. Form factors of Λ(1405) in such a cut-off procedure were evaluated in Ref. [30] . The two approaches, the dimensional regularization in our procudure and the cut-off procedure, would not make much differences in form factors except for the high momentum region compared to the cut-off scale.
Note that the F CFF only depends on Q 2 so it can be factorized out from the loop integrals of Eqs. (52) and (53) . In this study we employ the dipole type form factor as,
We take Λ 2 = 0.71 GeV 2 , which reproduces nucleon form factors well. This CFF corresponds to the hadron density ∼ exp(−Λr) with radial coordinate r of each hadron and mean squared radius r 2 = 12/Λ 2 ≃ 0.66 fm 2 . Here we comment on the normalization of the effective form factor F eff obtained on the real axis. As discussed in Appendix A, the effective form factor is correctly normalized so as to give the corresponding charge of the system at Q 2 = 0 independently of the energy √ s, if we consider all of the diagrams shown in Figs. 3 and 4 . Among them, the three double-pole diagrams in Fig. 3 give dominant contributions at the energies close to the resonance pole position. Therefore, even if we take into account only the three diagrams in Eq. (48), deviation from the correct normalization for the effective form factor is considered to be small. We also note that a part of the less singular terms in T At last, let us show a relation among electric (F E ), baryonic (F B ), and strangeness (F S ) form factors for the Λ(1405) based on isospin symmetry, in which we have a generalized Gell-Mann-Nishijima relation for the probe current,
with the current for the third component of the isospin, J µ Iz . Taking the matrix element for the Λ(1405) with I = 0, we obtain 7 ,
where the matrix element of J µ Iz vanishes for the I = 0 state. From the relation (61), we have the relation for the spatial densities,
with radial coordinate r as well.
III. NUMERICAL RESULTS
In this section, we discuss the internal structure of the resonant Λ(1405) state. We will show the numerical results of the Λ(1405) form factors measured by the electromagnetic, baryon number, and strangeness currents in momentum space. We will also show the spatial density distributions in coordinate space which are obtained by performing Fourier transformation of the form factors.
The calculation of the form factor is performed in two ways; one is on the Λ(1405) pole position (Sec. III A and the other is to evaluate the effective form factor (21) on the real energy axis around the resonance energy region √ s ∼ 1420 MeV (Sec. III B. On the Λ(1405) pole position, the internal structure of the resonance can be obtained in a way to keep charge conservation without nonresonant background contributions. The results, however, may not be directly compared with experimental observables. The effective form factor on the real energy axis, on the other hand, may be determined in experiments, but the obtained form factors have both the resonant and nonresonant contributions.
For a reference of the electric size of the typical neutral baryon, we will compare the electric Λ(1405) form factor with an experimental fit of neutron electric form factor [65] ,
7 At Q 2 = 0, we obtain the usual Gell-Mann-Nishijima relation, Q EM = (B + S)/2, for Iz = 0 hadrons with a = 1.25, b = 18.3, Λ 2 = 0.71 GeV 2 , the neutron mass M n , and the neutron magnetic moment µ n = −1.913 µ N , where µ N is the nuclear magneton.
We also compare the results of magnetic, baryonic and strangeness form factors with a dipole type form factor,
with Λ 2 = 0.71 GeV 2 , which reproduces well the observed nucleon magnetic form factor [66] . The overall factor c will be adjusted to the normalization of the form factor of the Λ(1405) in question.
A. Form factors on the resonance pole
Here we discuss the internal structure of the Λ(1405) using the form factors obtained at the pole position in the complex energy plane. We evaluate the form factors of the higher Λ(1405) state, Z 2 , out of two Λ(1405) states, since this state gives the dominant contribution to the spectrum and is considered to be originated from thē KN bound state. The form factors of the Λ(1405) at the resonance position are obtained by Eq. (19) together with the amplitudes calculated in Eqs. (33) and (48).
Electromagnetic, baryonic, and strangeness structures
First of all, we show our results of the electric and magnetic form factors in Fig. 5 together with the empirical form factors of the neutron given in Eqs. (63) and (64) . The normalization parameter is given by the real part of the magnetic moment of the Λ(1405),
Here, in order to see the finite size effects of the constituent hadrons, we also show results without the common form factor (CFF) introduced in Eq. (59) . The finite size effects make the magnitude of the form factors reduced, especially in the large Q 2 region. Hereafter, we show only the results with CFF unless explicit mentionings. Now let us discuss the electromagnetic form factors of the resonant Λ(1405) shown in Fig. 5 . The form factors F E and F M contain the imaginary parts, since they are evaluated on the resonance pole position in the complex energy plane. However, we obtain the imaginary parts in smaller magnitude than the real parts. This is the consequence of the relatively small imaginary part of the pole position of Z 2 , since the form factors are real numbers in the limit of zero imaginary part of the pole position. For the charge neutral Λ(1405), deviation from zero in the electric form factor indicates that the Λ(1405) has a nontrivial charge distribution as seen in the neutron form factor. Comparing the real part of the Λ(1405) form factor and the empirical neutron form factor, we find that the Λ(1405) form factor has larger magnitude than that of the neutron, especially at low Q 2 . This indicates that the spatial structure of the Λ(1405) is larger than the neutron. For the magnetic form factor of the Λ(1405), to which only the baryon components contribute as seen in Sec. II D, the real part of the result shows faster decreasing than the dipole fit to the nucleon. These results of F E and F M suggest the peculiar electromagnetic structure of the Λ(1405) compared with the typical neutral baryon such as the neutron. Next we discuss the baryonic and strangeness form factors of the Λ(1405) using the baryonic and strangeness currents as external probes. The calculation is done in the same way as the electric form factor using the baryonic charge (46) and the strangeness charge (47) instead of the electric charge. The baryonic and strangeness form factors, F B and F S , are plotted in Fig. 6 . For comparison, the strangeness form factor is presented with the opposite sign. Because of the baryon number and strangeness conservation in our formulation the form factors are correctly normalized as F B (Q 2 = 0) = 1 and F S (Q 2 = 0) = −1, respectively. From Fig. 6 we find that the imaginary parts of the total baryonic and strangeness form factors are small compared with their real parts, as in the case of the electromagnetic form factors. We can also see that both the baryonic and strangeness form factors give steeper derivative at Q 2 = 0 compared with the nucleon form factor, and that the strangeness form factor shows faster decreasing than the baryonic one. Hence, the baryonic and strangeness components also imply the peculiar structure of the resonant Λ(1405) among the ordinary low-lying hadrons.
Now it is interesting to visualize the spatial structure of the resonant Λ(1405) in coordinate space as the density distributions and the mean squared radii obtained from the form factors using Eqs. (8) and (9) . We introduce a normalized density distribution P(r) ≡ 4πr 2 ρ(r) with the density distribution ρ(r). With this definition, integrating P(r) from 0 to ∞, one gets the total charge (or magnetic moment) of the system:
In Fig. 7 we plot the electromagnetic density distributions of the Λ(1405). As we can see from the left panel, the real part of the charge distribution P E has large magnitude compared with that of the neutron. This may indicate smaller overlap between positively and negatively charged components in the Λ(1405) than in the neutron. It is also found that the charge distribution has positive values in the inner part (r 1 fm) and negative values in the outer part (r 1 fm). Since the Λ(1405) (Z 2 ) strongly couples to theKN channel, the charge form factor of the Λ(1405) is expected to be dominated by the K − p component. Hence, our result implies that the lighter K − surrounds the heavier p. From the magnetic distribution P M (Fig. 7, right) we can see the spatially larger structure of the Λ(1405) compared with the neutron. Since the magnetic density distribution is contributed mainly from the magnetic moment of the baryon in the Λ(1405), the magnetic structure reflects the baryonic component.
In the same way, the baryonic and strangeness density distributions are plotted in Fig. 8 with the typical density distribution of the nucleon, which is evaluated by the Fourier transformation of the dipole form factor in Eq. (64) with c = 1. For comparison, the strangeness density distribution is shown with the opposite sign. The baryonic and strangeness density distributions clearly indicate the dominance of the real parts over the imaginary parts and spatially larger structure than the nucleon. In addition, the strangeness density distribution has a longer tail than the baryonic one. Since the Λ(1405) at pole position Z 2 is dominated by theKN component, this means largerK distributions compared with N inside the Λ(1405). Finally we evaluate the electromagnetic, baryonic, and strangeness mean squared radii, which are calculated using Eq. (9) with the form factor. For the magnetic mean squared radius, we use the calculated magnetic moment F M (Q 2 = 0) = (0.17 − 0.05i)µ N as the normalization of the mean squared radius. The results are shown in Table II. We find that the absolute value of the electric (magnetic) mean squared radius is | r 2 E | ≃ 0.29 fm
, which is about two times larger than that of the neutron ∼ −0.12 fm 2 (∼ 0.66 fm 2 ). Also the absolute values of the baryonic and strangeness mean squared radii are larger than the typical size of nucleon. We also observe in Table II larger radius of the strangeness distribution than the baryonic one. This is due to the effect of the longer tail in strangeness density distribution compared with the baryonic one. Therefore, these results support that the resonant Λ(1405) state has a spatially-extended structure compared with the typical baryon size 1 fm.
As a consequence, all of the results for the electromagnetic, baryonic, and strangeness structures show that the resonant Λ(1405) has a large size compared with typical hadrons. Furthermore, it is interesting to observe that the strangeness density distribution of the Λ(1405) has longer tail than the baryonic one. Since the Λ(1405) (Z 2 ) is dominated by theKN component andK (N ) carries the strangeness (baryon number), one can expect that such behaviors of the strangeness and baryonic distributions are understood by the widely spreadK distribution around N inside the Λ(1405). This expectation is supported by the charge distribution, since it has positive values in the inner part whereas negative values in the outer part, which will be caused by the K − p component inside the Λ(1405). In the next subsection, we will clarify these detailed structure of the Λ(1405) by decomposing the form factors and density distributions into the contribution from each meson-baryon component.
Contribution from each meson-baryon component
In order to discuss the inner structure of the Λ(1405) resonance from the theoretical point of view, it is interesting to decompose the form factors into the contribution from each meson-baryon state to which the external current couples. This decomposition can be done by calculating the amplitude T µ γ(1) + T µ γ(2) in Eqs. (49) and (50) without the summation of the intermediate channel k, so that the total form factor is obtained by summing up all the components. In the decomposition we do not include the contribution from T µ γ(3) , which is not important for the study of the spatial size of the resonance, since this is a contact interaction and gives an almost trivial momentum dependence from the form factor of the constituent hadrons 8 . Here we mainly discuss theKN and πΣ components in the form factors, since theKN and πΣ intermediate states are the dominant contributions in the Λ(1405) resonance as we have seen in Table I , and we will check that the ηΛ and KΞ channels and the contact term coming from T γ(3) give negligibly small contributions to the form factors.
We first discuss the contributions to the electromagnetic form factors from theKN and πΣ intermediate states. In the upper panel of Fig. 9 , we show the electric form factor coming from the K − p and π + Σ − states. As one can see from the figure, the electric form factor from the K − p state reproduces almost the total form factor given in Fig. 5 . The reason is as follows; the neutral hadrons do not contribute to the electric form factor, 8 For the electric current, T 0 γ (3) gives no contributions in case of neutral resonances. 
Re. 
Re. and the Λ(1405) resonance (Z 2 ) has a tiny coupling to the K + Ξ − channel. Then, the sum of the contributions from K − p and π ± Σ ∓ components dominate the electric form factor. However, since we are working in the isospin symmetric limit, the π ± Σ ∓ states give exactly same contributions in magnitude for the isospin I = 0 resonance with the opposite sign due to their electric charges. Thus, the sum of the π ± Σ ∓ states does not contribute to the total electric form factor for the Λ(1405) resonance and the K − p state reproduces almost the total electric form factor.
In the π + Σ − contribution, we observe the sudden increase of the real part and the peak structure of the imaginary part seen at Q 2 ≃ 0.2 GeV 2 , which comes from the analytic properties of the loop function D 0 M in which the external current attaches to the pion propagator. We will discuss the details in next subsection and Appendix B.
The separated contributions to the magnetic form factor are shown in the middle and lower panels of Fig. 9 . For the magnetic contribution, the meson pole term T µ γ (1) shown in Fig. 3 does not contribute and we are left with the baryon pole term T µ γ(2) (and the contact term T µ γ(3) , which contribution is not included in Fig. 9 . Here we show the form factors with the K − p,K 0 n, and π + Σ − intermediate channels. We find that theKN contribution is substantially larger than πΣ. Here we also find that the K − p contribution has the opposite sign to thē K 0 n and they largely cancel each other. This is because only the isosinglet component can couple to the Λ(1405) due to the isospin symmetry and the isosinglet magnetic moment of nucleon is known to be very small. This result indicates that the magnetic form factor of the Λ(1405) is composed mainly by nucleons inKN dynamics in which, however, large cancellation between K − p andK 0 n components takes place.
Next we discuss the contributions to the baryonic and strangeness form factors from each meson-baryon channel. Here, instead of plotting the form factors with respect to Q 2 , we show in Table III the values of the baryonic and strangeness form factors at Q 2 = 0 with individual contributions from the meson-baryon channels to the Λ(1405), which corresponds to the each channel contribution to the baryon number and strangeness of the system. Here we have the Gell-Mann-Nishijima relation F B = −F S at Q 2 = 0 for each meson-baryon channel. The decomposition to each meson-baryon channel implies that theKN (I = 0) channel gives more than 90% of the total baryonic and strangeness charges, whereas the πΣ, ηΛ, KΞ, and contact-term components in I = 0 channel are negligibly small. The magnitude of the charge of each component is determined by the coupling strength given in Table I and the derivative of the loop function which contributes to the form factor through Eqs. (54) and (55) . Thus, due to the large coupling strength gK N theKN channel dominates the structure of the Λ(1405). Now we show the meson-baryon components of the electromagnetic density distributions, P E and P M , which are obtained by the Fourier transformation of the corresponding meson-baryon components of the form factors. The results are shown in Fig. 10 . Note that P E is plotted up to r = 10 fm instead of 5 fm. We find again the dominance of theKN component in both P E and P M . Hence, the negative (positive) charge distribution of the Λ(1405) in Fig. 7 is now understood as the lighter K − (heavier p) existence in outside (inside) region. It is a more interesting finding that the π + Σ − (equivalently π − Σ + with the opposite sign) component of the electric density distribution shows a characteristic behavior of dumping oscillation. As we will discuss in next subsection and Appendix B, the oscillating behavior can be interpreted as the decay of the system into the πΣ channels through the photon coupling to the intermediate meson. Although this oscillation is interesting from the theoretical point of view, it does not contribute to the total density distribution due to the cancellation of π + Σ − and π − Σ + components. For the magnetic density distribution, we again observe large cancellation between K − p andK 0 n components in the isosinglet Λ(1405).
Then, we decompose the baryonic and strangeness density distributions into the different meson-baryon contributions in Fig. 11 . In this figure,KN represents the sum of the contributions from K − p andK 0 n, whereas πΣ represents the sum of the contributions from π 0 Σ 0 , π + Σ − , and π − Σ + . For the πΣ channel, we plot the baryonic density which is equivalent to the strangeness πΣ density with the opposite sign. This is clear from the charges in Eqs. (46) and (47) where both baryonic and strangeness currents probe the Σ component with the same strength and the opposite sign in the πΣ intermediate state. As one can see from the Fig. 11 , theKN component where the baryonic (strangeness) current probes the N (K) distribution dominates both the baryonic and strangeness density distribution in Fig. 8 . Therefore, the longer tail of the strangeness distribution in Fig. 8 is now understood as the larger distribution of theK component than that of the baryon number distribution generated by the N . This is consistent with the electric density distribution, that the lighter K − locates outside the p, which should also be the case for theK 0 and n through the isospin symmetry.
From the decomposition of the form factors and density distributions into meson-baryon components, it is confirmed that the resonant Λ(1405) is indeed dominated by theKN (I = 0) component, giving more than 90% of the total baryonic and strangeness charges, and it is found that the Λ(1405) is dominantly composed of thē K in the outside region around the nucleon, with a large size compared with typical hadrons. We also find that the magnetic moment of the Λ(1405) is composed mainly by nucleons inKN dynamics in which large cancellation between K − p andK 0 n components takes place. In addition, we observe that the π + Σ − component has the escaping oscillation in the charge distribution (see also next subsection), which is although not observed in the total charge due to the π ± Σ ∓ cancellation. In our results all of the results for the electromagnetic, baryonic, and strangeness structure of the Λ(1405) are consistent with each other.
Escaping oscillation in decay channel
In the previous subsection we found an interesting behavior of the π + Σ − escaping oscillation in the electric density distribution. Here we discuss the escaping oscillation found in the πΣ channel, or decay channel in general.
From a viewpoint of the Fourier transformation, what makes oscillation behavior in the π + Σ − electric density distribution is the peak structure at Q 2 ≃ 0.2 GeV 2 in the electric form factor in the π + Σ − channel. Namely, the Fourier transformation of the form factor picks up much contributions from the peak structure, making large magnitude in the corresponding wave number for the density distribution, which is seen as the oscillation component.
Then, let us discuss the origin of the peak structure in the form factor. An important point is that the photon coupled loop integral of the intermediate channel
with real energy √ s,q k defined in Eq. (29) , and the baryon (meson) mass M k (m k ) in the intermediate state. This divergence point corresponds to the tchannel threshold. The detailed discussion is given in Appendix B. It should be emphasized that this singularity (66) can be reached only in case that the energy is above the threshold of the k channel, √ s > M k + m k , so that 4q 2 k s > 0. Such a singularity at certain Q 2 generates peak structure in the form factor with complex energy through the analytic continuation √ s → z. Hence, that the resonance energy is above the threshold is essential to the peak structure in the form factors, and the oscillation behavior of the density distributions can be interpeted as the decay of the system into the open channels through the photon coupling to the intermediate state, with kicked meson and baryon to the on-shell by the photon coupling. In the present case, since only the πΣ channel is open for the Λ(1405) decay, the peak structure appears only in the πΣ channel.
From the above discussion, it is obvious that the peak structures in the form factors and the oscillation behaviors in the density distributions should appear in decay channels for resonance states in the meson-baryon picture. Such structures are, however, eventually not observed in the total electric form factor and density distribution for the resonant Λ(1405). This is because, as we have mentioned, the π ± Σ ∓ components largely cancel each other for the electric structure due to the isospin symmetry. Hence, if we would observe a excited state for which its decaying channel contributes to the form factors without cancellation, we could observe the escaping oscillation in the total density distribution.
At last, we comment on that the magnetic, baryonic, and strangeness density distributions do not show the (visible) oscillation behavior even in the decay channel, πΣ. This is because the magnetic, baryonic, and strangeness currents couple to Σ rather than pion in the πΣ channel; the current coupling to the Σ propagator also provides the oscillation behavior in the electric as well as the magnetic, baryonic, and strangeness density distributions. However, Eq. (66) indicates that, due to the small pion mass m π , the Σ-current coupling makes the peak structure in the form factor with very high Q 2 value [Q 2 ∼ 10 GeV 2 for the πΣ channel in the Λ(1405) (Z 2 )], thus such a high Q 2 coupling should be strongly suppressed by form factors of the constituent hadrons. As a consequence, the oscillation contributions from the Σ-current coupling are numerically small and not visible in Figs. 10 and 11 .
B. Effective form factors on the real energy axis
Now we evaluate the effective form factors of the Λ(1405) on the real energy axis defined in Eq. (21) , in order to study how the form factors obtained at the resonance position are seen on the real energy axis. These effective form factors on the real axis will provide the quantities which can be compared with the experimental observations, in contrast to the form factors obtained in the complex energy plane. Here we comment that the mean squared radii are not well defined for resonances on the real energy axis due to insufficient fall-off of the densities at large r, in contract to the case on the resonance pole position.
As discussed in Sec. II E, the form factors calculated with three diagrams shown in Fig. 3 keep correct normalizations only on the resonance pole position. Off the resonance pole position the additional diagrams shown in Fig. 4 are necessary to keep the correct normalizations. Nevertheless, since the double-pole diagrams dominate the photon-coupled amplitude at the resonance energies if the pole position is not far from the real axis, the contributions from the supplemental diagrams in Fig. 4 to the form factors may be negligible. This can be checked by the calculation of the effective baryon number F netic form factors on the real energy axis are shown in Fig. 13 . We find that the effective electromagnetic form factors for √ s = 1420 MeV are qualitatively very similar with the form factors evaluated at the pole position in Fig. 5 . We also find in Fig. 13 that the effective electromagnetic form factors have mild energy dependence even in energies close to the resonance position. This is because, off the resonance pole position, less singular terms also contribute to the effective form factors and brings energy dependence to them. We also see that, in the energies closer to theKN threshold, both the F , and 1430 MeV, in comparison with the empirical neutron density distribution. The important point is that the effective distribution in the real axis also catches the properties found in the density distribution on the pole position, that is, spatially larger structure than the neutron with the outward negative charge of K − and the inward positive charge of p. As the energy √ s increases, the observed distribution becomes effectively wider.
Finally we summarize the numerical analyses of the internal structure of the resonant Λ(1405) state, which is done by evaluating two observables; one is the resonance form factor (19) on the resonance pole position (see Sec. III A, and the other is the effective form factor (21) on the real energy axis (Sec. III B. Although there is a quantitative difference between these two analyses such as the energy √ s dependence of the effective form factors, it is found that the several peculiar features of the resonance form factor in the complex plane are mostly maintained in the effective form factor on the real axis. This means that the properties of the Λ(1405) defined in the complex plane may be within our reach of the experimental searches achieved by the real energies. This consequence comes from the small imaginary part of the pole Z 2 of the Λ(1405).
From these analyses we have drawn the following conclusions. The Λ(1405) has softer form factors than those of neutron. Consequently the mean squared radii are larger than the neutron radii which can be regarded as a typical baryon, as found in Ref. [28] . Through the decomposition into meson-baryon channels and the analysis of the form factors with different probe currents, the internal structure of the resonant Λ(1405) is found to be dominated by theKN component, with the nucleon in the center being surrounded by the antikaon.
IV. DISCUSSIONS
We have considered the form factors and density distributions of the resonant Λ(1405) state. Because the Λ(1405) resonance has the finite decay width, the obtained form factors are complex numbers. Although we have deduced the structure of the Λ(1405) mainly from the behavior of the real part of the form factors, the interpretation may not be as straightforward as the stable particle.
The Λ(1405) has been considered as a quasi-bound state of theKN system 9 having the πΣ decay channel [1, 2] . This picture is also supported by the chiral unitary approach, where theKN bound state is generated only by the attractiveKN interaction and channel coupling to πΣ provides the Λ(1405) with the decay width [25] . In the present study, we confirmed this picture by the decomposition of the baryonic charge in the previous section. Therefore, it is instructive to understand the structure of theKN bound state, by switching off the couplings ofKN to other channels. In the case of the bound sate, the form factors are obtained as the real numbers for all Q 2 , hence we can interpret the form factors as physical quantities. Furthermore, the single-channel model allows us to investigate the internal structure of a dynamically generated bound state. For instance, we expect that the spatial size will be larger for the system with smaller binding energy. This does not trivially follow from the calculation of the form factor and is worth examining in the present framework. Thus, we examine the structure of theKN bound state by changing the model parameters.
In Sec. IV A, we will study the structure of thē KN bound state with the natural subtraction constant aK N = −1.95, which is obtained so as to exclude explicit pole contributions from the loop function [9] . This ensures that the bound state has the pure molecule structure. Then we will study the structure of the dynamically generatedKN bound states with different binding energies in Sec. IV B. The interaction strength is adjusted to fix the binding energy within the natural condition. We also discuss the meson-nucleon bound state with different meson masses instead of the physical kaon mass, in order to see the effect of meson masses to the bound state in Sec. IV C, where the spatial size of the bound state is kept fixed.
A. Structure of theKN bound state
In this subsection, we consider theKN single channel model with a bound state. We use the WeinbergTomozawa interaction (25) for theKN channel and the subtraction constant aK N = −1.95 with the regularization scale µ reg = 630 MeV, which is obtained by the condition GK N (M N ) = 0 [9] . With this subtraction constant, solving theKN single-channel scattering equation (33) we obtain theKN bound state at 1424 MeV with the coupling strength to theKN [see Eq. (10)] as gK N = 2.17. This bound state is generated only by the attractiveKN interaction and has a binding energy of 10 MeV.
Here we first study the structures of theK and N components in theKN bound state. Since theK (N ) has strangeness −1 (0) and baryon number 0 (1), we can observeK and N distributions in the bound state by using the strangeness probe current with the opposite sign and the baryonic current, respectively, which leads to the relations for the form factors as,
where FK (N ) represents theK (N ) form factors probing theK (N ) component in the bound state. We also study the electric structure of the bound state, which is related to theK and N form factors via the generalized GellMann-Nishijima relation (61). Here we do not consider magnetic component of the bound state. In Fig. 15 , thē K, N , and electric form factors are shown together with the empirical form factors of the neutron (63) and (64). Comparing with the previous results for the resonant Λ(1405), we find that all of the electric, N , andK form factors of theKN bound state show similar characteristic behaviors with the real part of the electric, baryonic, and opposite-sign-strangeness form factors of the resonant Λ(1405), respectively. For theK and N form factors FK ,N , we observe the steeper derivative at Q 2 = 0 compared with the dipole form factor and the faster decreasingK form factor than the N one, which reflect a salient 
structure of the bound state, as the resonant Λ(1405) discussed before. Also the electric form factor F E exhibits large enhancement at smaller Q 2 region ( 0.1 GeV 2 ) and slowly decrease above Q 2 0.2 GeV 2 , as the real part of the form factor of the resonant Λ(1405).
Using the form factors we calculate the density distributions through the Fourier transformation. In Fig. 16 , theK, N , and charge density distributions from the form factors are shown with the normalization P(r) = 4πr 2 ρ(r). As we can see from the figure, the behaviors of the density distributions are similar to those for the resonant Λ(1405) in Figs. 7 and 8, thanks to the largeKN coupling gK N of the Λ(1405); the charge distribution has positive values in the inner part whereas the negative values in the outer part, and theK distribution has longer tail than the N one.
The results of theK, N , and electric mean squared radii evaluated from the form factors are displayed in Table IV . The results of theK and N mean squared radii, r 2 K = 1.878 fm 2 and r 2 N = 0.998 fm 2 , respectively, indicate that both theK and N distributions spread compared with the typical nucleon size in theKN bound state, and theK has larger distribution than the N inside the bound state. The electric mean squared radius r 2 E is −0.440 fm 2 , whose absolute value is four times larger than that of the neutron ∼ −0.12 fm 2 . Indeed, the charge density distribution P E clearly shows the larger structure of theKN bound state than the typical neutral hadron.
Next, it is also interesting to evaluate the mean squared distance betweenK and N from the form factors in our approach. For this purpose we take the nonrelativistic limit and treat the constituent hadrons as point particles, neglecting the common form factor effects [see Eq. (59)].
In the nonrelativistic limit, both theK and N form factors FK and F N are determined from the form factor for the relative motion in the two-body system F rel with appropriate scale transformations as,
due to the kinematics of the system. Therefore, the mean squared distance betweenK and N , x 2 K N = 6 dF rel /dQ 2 | Q 2 =0 , can be determined from both theK and N form factors FK(Q 2 ) and F N (Q 2 ) with appropriate coefficients. The results are given by,
for the mean squared distance betweenK and N . The two values in Eqs. (70) and (71) show very good agreement with each other. A small difference between two values in Eqs. (70) and (71) is expected to come from the field theoretical evaluation of the form factor and the relativistic correction with respect to the binding energy. In this study we define the mean squared distance as the average of the values evaluated from theK and N radii, and we obtain the mean squared distance betweenK and N as
for theKN bound state with binding energy 10 MeV.
B.KN system with different binding energies
Here we discuss theKN bound state with different binding energies, in order to see the dependence of the structure on the binding energy. This can be achieved by replacing the interaction strength C = 3 forKN (I = 0) in Eq. (25) with C B representing an interaction strength forKN to generate a bound state with a specified binding energy B E , and we keep the subtraction constant aK N = −1.95 in order to exclude the explicit pole contribution. In Fig. 17 we plot interaction strength C B as a function of the binding energy B E .
We dynamically generate aKN bound system with different binding energies B E and show the electric,K, and N mean squared radii as functions of the binding energy in Fig. 18 . It is obvious that the distribution of the constituent hadrons in theKN bound state spreads if the binding energy decreases, in accordance with our expectation from quantum mechanics. In addition, the mean squared radii are much sensitive to the binding energy in the near-threshold region (B E 10 MeV), which indicates that for the shallow bound state the binding energy is a key quantity for the spatial structure of the bound state. We also find that theK distribution in thē KN bound system is more sensitive to the binding energy in this region, since theK is lighter than the N . In the large binding energy region, theK and N mean squared radii asymptotically goes to finite values. This behavior in the large binding energy region is caused by that the distributions of bothK and N shrink to the finiteK and N radii. In contrast, the electric radius goes to zero, becauseK and N get close to each other, which leads to almost zero electric mean squared radius. Next let us make a simple comparison of our results of mean squared radii, which is based on the field theory, with that of the nonrelativistic wave function of the two-body bound state, in order to check the consistency of these methods. Outside the interaction range R int the nonrelativistic wave function for the bound state takes an asymptotic form ∼ exp − √ 2µB E x /x in the relative coordinate with the distance x and the reduced mass µ = M N mK/(M N + mK) = 324 MeV. Here we adopt a simple form having the correct asymptotic behavior,
as a typical wave function for comparison. Using this wave function ψ(x), one can evaluate the mean squared distance of the two particles in the bound state as,
Although it is derived from the specific wave function (73), this relation holds model-independently for the state with small binding energy, where the inner part (x < R int ) of the wave function is irrelevant and the asymptotic form of the wave function dominates the integration in Eq. (74). Now in Fig. 19 we compare our result of the mean squared distance betweenK and N , x 2 K N , which is evaluated by using method developed in the previous subsection for a bound state of point par- ticles, with that obtained from the nonrelativistic wave function (74), x 2 NR . As we can see from the figure, the difference between x 2 K N and x 2 NR is quite small for every binding energy. This is an interesting result, because it is nontrivial that the mean squared distance betweenK and N in our approach, where the bound state is dynamically generated and the size is probed by external currents within the framework of the field theory, shows very similar value to that from the nonrelativistic wave function ψ.
C. Meson-nucleon bound system with various meson masses
In this subsection, we vary the meson mass from the physical kaon mass, in order to see the effect of the meson mass to the meson-nucleon bound state. Here we consider the meson (m − , m 0 ) having same quantum numbers as the antikaon (K − ,K 0 ) except for the mass. During the calculation, we fix the spatial structure of the bound system so that the meson-nucleon distance is to be in hadronic interaction range. For this purpose, we impose the condition,
where B E is the binding energy of the system and µ is the reduced mass, µ = mM N /(m + M N ) 10 . The interaction strenght C B is adjusted by the binding energy through (75) and the natural subtraction constant determined by GK N ( √ s = M N ; mK → m) = 0 [9] . We start with the bound state with the physical kaon mass For the meson-nucleon bound state, the electric probe is useful to study the structure of the system, since the electric current probes the negatively charged m − and positively charged p in the bound state, hence we can observe relative distribution of the meson and nucleon in the system as well as the spatial size of the system. In Fig. 21 , we show the charge density distribution of the mesonnucleon bound state for different meson masses. As we have discussed for theKN bound state, in the mesonnucleon bound state, concentration of positive (negative) charge density corresponds to the region dominated by the p (m − ). For the small meson mass region (m = 200, 500 MeV), the meson distributes at larger distance than the N , as theKN bound state in the preceding subsections. If the meson mass is compatible with the nucleon mass (m = 1000 MeV) the charge distribution is almost flat around zero, which indicates that meson and N have almost same distribution, and cancel each other in the charge distribution. For the meson mass larger than the nucleon (m = 1500, 2000 MeV), the meson and N distributions interchange their role, where the lighter nucleon goes outside and the heavier meson stays inside. Such a behavior is consistent with our expectation from the classical picture and indicates that we correctly observe internal structure of the bound state with respect to the mass ratio of the constituent hadrons.
Here we note that the difference of the structures between the bound states ofKN and heavy meson-nucleon, if existed, might be realized as a difference of the behaviors of the bound states in nuclear medium. For thē KN (heavy meson-nucleon) bound state, N has smaller (larger) density distribution in the system, which implies that N has larger (smaller) momentum distribution due to the uncertainty principle. Therefore, in nuclear medium, where the momentum of N is filled up to the Fermi momentum, the existence of heavy meson-nucleon bound state might be suppressed even in the lower density compared withKN .
It is also illustrative to plot the various mean squared radii and the mean squared distance between meson and nucleon as functions of the meson mass (Fig. 22 . The mean squared distance is almost independent of the meson mass, as a consequence of the fixed µB E . This suggests that the spatial size of the bound state is indeed constrained by this condition. The suppression of the mean squared distance in the smaller meson mass region (m ≃ 200 MeV) is caused by the condition that the binding energy, which is restricted by Eq. (75), is not negligible compared with the meson mass. In addition, the electric, mesonic, and nucleon mean squared radii behave consistently with our interpretation discussed above. The sign change of the electric radius at m = M N reflects the inversion of the spatial distribution of the meson and N .
At last we comment on the relation between the meson mass m and the interaction strength C B . The result in Fig. 20 shows that in the small meson mass region a strongly attractive interaction is required to keep the light meson binding with the nucleon, whereas the heavier meson can be bound as the molecular type (with x 2 ≃ 3 fm 2 ) by the moderate attraction, in accordance with the classical expectation. From the group theoretical point of view, the coupling strength of the scattering of the octet baryon and the octet meson is at most C = 6 [67, 68] . The result in Fig. 20 suggests that if the meson were as light as 200 MeV, we would need the coupling strength C ∼ 15 to generate a bound state with the size x 2 ≃ 3 fm 2 . This means that the pion is too light to generate a bound state of the molecular type 11 . On the other hand, the sufficiently heavy meson mass (m 400 MeV) is essential to generate a meson-nucleon bound state with spatial size of a hadronic molecular state by using the chiral interaction.
V. CONCLUSION
We have studied the internal structure of the resonant Λ(1405) state with electromagnetic, baryonic, and strangeness probes. The resonant Λ(1405) state has been described by the meson-baryon interaction picture based on chiral dynamics. The form factors and the density distributions of the Λ(1405) have been defined carefully as an extension of ordinary stable particles and been directly evaluated from the meson-baryon scattering amplitude, paying attention to the gauge invariance of the probe interaction.
The internal structure of the resonant Λ(1405) with full coupled-channels has been studied in two ways, one on the resonance pole position in the complex energy plane and the other on the real energy axis around the Λ(1405) resonance region. The first method has produced the resonant Λ(1405) structure as the matrix element of the probe current by the resonance vector without contamination from nonresonant background, and exactly kept the gauge invariance. The second one, on the other hand, has given values which may be observed in experiments while the nonresonant contamination has been involved. We have found that the resonant Λ(1405) state has softer form factors and larger spatial radii than those of the typical baryon, and the structure is largely dominated by theKN component. The charge distribution has indicated that the lightK distributes around the proton which sits in the central region. The characteristic structure of the Λ(1405) shown in the resonance form factor on the resonance pole position can be kept in the effective form factor on the real axis. We have also found that the decay of the Λ(1405) into the πΣ channel through the photon coupling causes an escaping oscillation pattern in the density distribution in the coordinate space.
We have also discussed internal structure of aKN bound state without the decay width to extract an intuitive picture of the bound state. We have found the similar structure with the resonant Λ(1405), thanks to the dominance of theKN component. We also have observed that such a structure shrinks (stretches) as the binding energy increases (decreases), which is consistent with the behavior of the bound state in the quantum mechanics. We have seen the meson mass dependence of the bound state which indicates that the behavior of the relative distribution of the meson and nucleon inside the bound state is consistent with the kinematics of meson-nucleon system. These results have verified that the form factor defined through the scattering amplitude serves as a natural generalization of the form factor for the resonance state. Also the relation between the coupling strength and the meson mass shows that the physical kaon mass appears to be within the suitable range to form a molecular bound state with the nucleon through the chiral SU (3) In this Appendix we discuss the normalization of the M Bγ
induced by a conserved current J µ in the soft limit Q 2 → 0, where √ s and Q 2 are the meson-baryon center-of-mass energy and the squared momentum transfer with opposite sign, respectively. Because we are considering the matrix element with the conserved current J µ , the amplitude M Bγ * → M ′ B ′ should automatically be normalized by Ward-Takahashi identity:
′ amplitude,Q the "charge" of the meson-baryon system with respect to the probe current, and the indices i and j stand for the final and initial meson-baryon channels, respectively 12 . Thus, we prove that the amplitudes discussed in sections II C and II D satisfy Eq. (A1), concentrating on the Q 2 = 0 case.
Eq. (A1) is the relation between meson-baryon scattering amplitude and that with photon attached, the existence of the resonance pole is not necessary for the argument above.
The relation (A1) immediately leads to correct normalization of the effective form factor defined in Eq. (21), as,
This normalization is achieved at any energies √ s, regardless of existence of the resonance, as long as one includes all the relevant contributions in Eq. (A3). If there exists the resonance pole at the complex energy Z R in the meson-baryon scattering, taking limit
coincides with the resonance form factor F evaluated in Eq. (19) . Hence the relation (A1) also guarantees the correct normalization of the resonance form factor F . In the case that the energy √ s is close to the resonance pole position ( √ s ≃ 1420 MeV in our case) on the real axis, the chargê Q will be dominated by the contributions from the three diagrams in Fig. 3 , as discussed in Sec. II E.
We also derive, from Ward-Takahashi identity (A1), a relation between the coupling strengths of the resonance state to the meson-baryon channel g and the derivative of the vertex V and the loop function G:
To prove Eq. (A18), we consider explicit forms of T can be expressed as, 
hence, we obtain Eq. (A18). This is the exact form of the relation between the coupling strength g i and the derivative of the loop integral dG i /d √ s, discussed in [30, 69] . Equation (A18) exactly corresponds to the relation known as the Ward identity:
with the vertex-renormalization factor Z −1
(1) and the wavefunction one Z (2) , respectively. In our case with the resonance state, Z (2) is the residue of the resonance contribution in the meson-baryon scattering amplitude, Z (2)ij = −g i g j , and Z −1
(1) is the current-coupling term,
through Eqs. (A10) and (A11). Using Z −1
(1)ij and Z (2)ij , Eq. (A18) can be rewritten as, (52) and (53)], which describes that one photon is attached to the one of the internal propagators. For concreteness, we consider the electromagnetic probe interaction for the Λ(1405).
Integrating over the four-momentum q 
Here Q M k , Q B k , and µ B k are the charge of the meson and baryon, and magnetic moment of the baryon in k channel, respectively, andq k is defined in Eq. (29) so that 4q 2 k s is simply written as,
with the Källen function λ(x, y, z) = x 2 +y 2 +z 2 −2xy − 2yz − 2zx. We note that spatial components of the loop integrals in which photon couples to mesons vanish in the Breit frame, D a M = 0 (a = 1, 2, 3), since the pseudoscalar mesons do not have the magnetic moments. In the above equations the x integrations are analytically performed; the y integrations can in principle be done analytically, but we perform the numerical integration in the practical calculation with keeping iǫ to be a small finite value, which ensures the correct boundary condition during the analytic continuation.
As one can see from Eqs. (B1)-(B4), the integrands in D µ M,B are obtained in the analytic form for the energy √ s and the squared photon momentum Q 2 , hence we can make an analytic continuation from the real √ s to the complex value, √ s → z, for the integrands. In our study we perform the analytic continuation of D 
respectively. Hence, the loop integral with Q 2 ≥ 0 diverges only when the real-valued energy √ s is above the two-body threshold, so that 4q 2 s > 0. 
which contains the logarithmic divergence at Qm k = ±2q k √ s. Therefore, the loop integral D M k (D B k ) logarithmically diverges at Q 2 = 4q 
where δ is an infinitesimal positive value determined by the √ s and ǫ and has a property lim ǫ→0 δ = 0, the numerator and denominator inside the logarithm in Eq. (B7) become:
respectively. Therefore, I div k=πΣ has the limit,
hence the discontinuity appears in the imaginary part of I div k=πΣ . As a consequence of the factor in the integrands, 1/ 4q 2 k s − 4y(1 − y)Q 2m2 k + iǫ, D M k and D B k in the channels with energy above the threshold contains divergence in the imaginary part at Q 2 = 4q 2 k s/m 2 k and the discontinuity in the real part along the real energy axis above the same Q 2 value. Here we note that the L function (B4) is pure imaginary so that the discontinuity (divergence) of the imaginary (real) part of I div k is manifested in the real (imaginary) part of the loop integrals
These diverging structures in the loop functions D M,B eventually lead to the divergences of the effective form factors (21) at Q 2 = 4q 2 s/m 2 , and to the peak structures of the form factors (19) around that Q 2 . Then, the "peaks" of the (effective) form factors in the momentum space lead to the oscillation components in the density distributions in the coordinate space with period given by 2π/(2q √ s/m) = πm/(q √ s) through the Fourier transformation. Therefore, for the channel whose threshold is lower than the total energy √ s, we will have an oscillation component of the "decaying part", which can be interpreted as the decay of the system into the open channels with kicked meson and baryon to the on-shell through the photon coupling.
Here let us show the behaviors of K − p and π + Σ − components of effective form factor and density distribution in electric probe with energy fixed as √ s = 1420 MeV. The form factor and density distribution on the resonance pole position are shown in Sec. III A. As you can see, the effective electric form factor in π + Σ − channel shows divergence at Q 2 = 4q Finally we note that the oscillation part will be clearly seen only in the case that the probe current couples to the mesons. In this casem corresponds to the baryon mass M , hence the value 4q 2 s/M 2 appears around typical hadronic scale Q 
GeV
2 , which will be important for the dynamics of the hadrons. This is not the case when the probe current couples to baryons, since in this case the value 4q 2 s/m 2 becomes much larger than 1 GeV 2 , due to the light meson masses m, especially for pions, m = m π , and such a high Q 2 coupling should be strongly suppressed by form factors of constituent hadrons. Im. part 
Im

